Milk contains a lot of different components with their own functional properties and some of them, such as casein, have been used in the manufacture of non-food technical products for many years. The present review deals with the non-food applications of (i) the major individual components of milk: proteins (casein; soluble proteins); lactose; milk fat and (ii) whey, a co-product of cheese and casein manufacture. New applications of milk proteins on a laboratory scale are focused on the manufacture of protein-based films and biomaterials. Also, fermentation of lactose and whey provides low molecular weight compounds and exopolysaccharides. These promising routes for giving added value to dairy co-products and effluents should be applied to achieving a great reduction in dairy industry wastes.
INTRODUCTION
Milk and milk components are mostly used in foodstuffs in many different forms. Nevertheless, milk constituents also find numerous alternative applications in the non-food area such as in the manufacture of plastic materials [138] , textile fibres [44] , glues [143] or in the production of ethanol or methane [71] . Some of these technical applications have been well known for a long time, such as casein-based glues which were used in ancient Egypt [143] , but novel uses are also proposed for opening new markets for components. Most of the technical applications are specific to one given milk component in relation to its structural and functional properties. Separation and extraction techniques may be of importance in the valorisation process of such individual components. Valuable components can be recovered by chemical and/or physical means in milk and dairy coproducts: casein is precipitated by adjusting pH to 4.6 [72] , whey proteins are recovered by ultrafiltration [40] , lactose is concentrated and crystallised from whey [64] . Besides, some applications concern the non-food uses of fractions containing different components together, which greatly simplify separation steps. This is the case for fermentation of dairy co-products such as whey converted to added value products [97] .
The first part of the present review deals with the non-food uses of milk proteins, i.e. casein and whey protein, in relation to their structural and functional properties. Casein, the major protein in cow's milk, has a long history of use in the non-food area. This gaussian coil protein has been used since the beginning of the nineteenth century in the manufacture of a wide range of products including glues [143] , rigid plastics [26, 101] and textile fibres [44] , for example. Compared with casein, whey protein (about 6 g·L -1 , obtained by filtration techniques) historically has found less numerous non-food applications. A few examples concern the cosmetic and phar-macological industries [58, 63] and the manufacture of protective films or coatings [28, 90] .
In the second part of this review technical applications for lactose are discussed. Because of its low digestibility and solubility, lactose finds limited applications in the food area compared with some other sugars, making alternative applications of prime interest. In relation to its functional properties and the number of its reactive sites, lactose is used as a raw material for special applications, for example, in pharmacology [64] , as substrate for fermentation of various products [64, 71, 163] (methane, ethanol…) and in the synthesis of derivatives [145, 163] such as lactulose or lactitol, the best known examples. Particular attention was paid to non-food uses of lactose from whey. Whey, a co-product of cheese-making and casein industry, contains the water-soluble components of milk: lactose, whey proteins, salts and vitamins. Accordingly, fermentation processes focused on the bioconversion of the whole whey, as well as whole whey direct uses, are also described.
Finally, the last part of this review deals with the few non-food uses reported for milk fat, another major milk constituent.
MILK PROTEINS

Casein and caseinates
Casein is the main protein (24-29 g·L -1 ) in bovine milk, as shown in Table I . In fact, casein of milk, involved in highly hydrated micelles, is based on four major components, α s1 -casein (38%), α s2 -casein (10%), β-casein (36%) and κ-casein (13%) and a minor constituent, γ -CN (3%). Each constituent varies in amino acid composition, molecular weight (19 000-23 900), isoelectric point and hydrophilicity [72, 73] .
Acid and rennet caseins are the two major types of casein available [72, 118] , depending on the coagulation process.
Acid casein refers to precipitated casein, obtained by adjusting skim milk pH to 4.6 with mineral acids such as hydrochloric or sulphuric acid. Lactic casein is precipitated by acidification due to lactic acid produced in situ with lactic acid bacteria designed as a starter. In rennet casein, coagulation is obtained by the action of chymosin (rennet), an enzyme which cleaves a chemical bond in κ-casein: the casein micelle is destabilised and forms a three-dimensional clot. Water-soluble caseinates can be obtained by solubilisation of caseins in alkali media such as sodium-, calcium-, potassium-or magnesium-hydroxyde, lime or borax [138] . The commercially available sodium caseinate is obtained by dissolution of acid casein in sodium hydroxide at a pH close to 7.
Due to low frequency of secondary structures (α-helix and β-sheets) caseins are mostly random coil polypeptides with a high degree of molecular flexibility able to form typical intermolecular interactions (hydrogen, electrostatic and hydrophobic bonds) [31] . This confers upon caseins good film-forming and coating abilities [30, 41, 68] . The strongly amphipatic nature of caseins, arising from the balance of polar and non-polar amino acids resi-dues, causes them to concentrate at interfaces to form a protein film. This confers upon casein good emulsifying and stabilising properties.
Due to their high amount of polar groups, caseinate also shows good adhesion to different substrates such as wood, glass or paper and this hydrophilicity makes caseinate films excellent barriers to non-polar substances such as oxygen, carbon dioxide and aromas.
Chemical modification of casein can change protein-protein interactions and proteins' interactions with their environment in order to control specific properties. Crosslinking agents are difunctional compounds which react with free reactive groups to make covalent linkage between protein chains, leading to the formation of a three-dimensional network. Crosslinked materials generally exhibit improved physical and mechanical properties.
Considering these different properties, caseinate-based polymers can be used in several technical applications such as protective coating and foams, paper coating, adhesives or injection moulding disposables. The specific properties of casein relevant for technical applications are listed in Table II . 
Casein as an adhesive
According to Tague [143] , already in the days of the Egyptians and during the Middle Ages, cement and wood glues were made of casein. Casein glues were first manufactured in the early years of the nineteenth century and mostly used in woodworking [17] . At the beginning of the twentieth century, casein glues were formulated for the military aeroplane industry (plane structures were based on wood). A lot of formulations for casein-based glues have been published or patented until today [17, 120, 126, 143] : in most cases, casein glues are available as a powder containing two main constituents, i.e. casein and an alkali, which are mixed in water before use (less than 24 h). A third mixing chemical ingredient may also be added according to the formulas: lime or copper chloride to give water-resistant glues by promoting crosslinking of casein molecules, leading to insoluble material; dissociating agents such as ammonia or urea to limit the viscosity of the adhesive through lowered H-bonds between caseinates; sodium silicate to extend working life, tannate or alkali tannate to increase adhesion.
Nowadays, casein glues, supplanted by synthetic glues in exterior woodworking, are still used in labelling adhesives, in the bottling industry, in interior woodworking [39] (plywood, door panels, Formica lami-nates…), in bonding paper or in pressure sensitive adhesives [124, 126] .
Casein as a coating or sizing agent
In such utilisations, casein acts as a binder for the coating material, generally a mixture of mineral materials, which is applied as a thin layer on the surface of the material. 
Paper industry
The hydrophobic/hydrophilic balance of casein increases its affinity for pigments, its ink-binding properties and its adhesion to various substrates. In the paper industry, casein is used as size for high quality glazed papers or for fine halftone illustrations.
Water resistance can be achieved by exposure to formaldehyde vapours or by dipping in concentrated solutions of formaldehyde [116] . Formaldehyde or dialdehyde are crosslinking agents which bind free amino groups to protein to give a threedimensional network. For example, wallpaper becomes water washable by adding a coating of casein solution brushed over with a solution of formaldehyde.
With high solid contents (china clay, kaolin, chalk…) coating solutions become too viscous, so in some applications, flow modifiers are added to enhance the casting process. Viscosity can be lowered by reducing the molecular weight of caseins and by denaturing the protein. This can be achieved by addition of urea, by alkaline or enzymatic hydrolysis [100, 127] , or by disulphide bond reducing agents such as mercaptoacetic acid or 2-mercaptoethanol [119, 148] . Pigments can be directly mixed with the formula to obtain coloured size and coatings.
In the middle of the twentieth century, paper and board coating accounted for the major uses of casein [128] . Nowadays casein is still used in high quality paper finishing and for enamel grades of paper [107, 162] , but a decline in the use of casein in paper coating can be mentioned due to casein's high costs (about 6 €/kg in 2002).
Textile industry
Casein was first employed in an way analogous to that of the paper industry: textile fabrics are impregnated with a casein solution and cross-linked either by formaldehyde vapours or by dipping into a solution of crosslinker.
Such casein coatings promote resistance to abrasion, enhance pigment binding and allow the textile to be impervious to moisture when hardened [143] .
Because of its film-forming and adhesive abilities, casein size also finds application in the textile industry [67] .
Caseins combined with acrylates become a protective coating against greying of cotton [121] . Chemically-modified caseins, either grafted with acrylate esters or crosslinked, are used as anti-static finishing of natural (wool, cotton and silk) [49] and synthetic (polyester) [165] textile fibres.
Leather industry
Polyol plasticised casein [2] is used in the finishing operations in the leather industry combined with additional components such as acrylates [79] , phenol derivatives, pigments for coloured products or binders such as gelatine or sulfonated castor oil [20] . The solution is coated on the leather before the surface is mechanically processed (brushed, ironed, glazed…) [137] .
Casein as a textile fibre
In 1935, Ferretti patented a process for casein textile called "Lannital ® " [44, 52, 142 ]. An alkali-solution casein is spinned into a coagulation bath containing acid (sulphuric acid) and inorganic salts (aluminium and sodium salts). The spun fibres are insolubilised by dipping into a formaldehyde solution and water-washed [29, 74, 109] .
Casein fibres are known under trade names such as Aralac ® (USA), Casolana ® (Netherlands) and Fibrolane ® (UK) [157] . Casein fibres resemble wool and were mostly used during the Second World War, generally combined with other artificial or natural fibres such as wool, cotton, viscose and rayon. Casein polymer fibres have also been grafted with acrylonitrile to give bicomponent fibres [14, 140] . Nowadays, commercial interest in casein fibres has declined, compared with more competitive synthetic fibres [137] .
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Casein-based packaging films and biomaterials
Transparency, biodegradability and good technical properties (barrier properties for apolar gases such as O 2 and CO 2 ) make casein films innovative materials for packaging. Nevertheless, casein-based materials have two major drawbacks in common with other protein-based biomaterials: limited mechanical properties and water sensitivity.
To overcome weakness and brittleness, plasticisers are added to enhance workability, elasticity and flexibility. Plasticisers reduce intermolecular hydrogen bonding while increasing intermolecular spacing. By decreasing intermolecular forces, plasticisers cause an increase in material flexibility but also a decrease in barrier properties due to increasing free volume. To summarise, an initially hard and brittle material becomes soft and flexible when plasticised enough.
For casein-based materials the most common plasticisers are polyols, sugars or starches owing to their miscibility with the protein and their ability to enhance elasticity and flexibility [6, 7, 69, [134] [135] [136] . Figure 1 shows a typical stress-strain curve obtained from a tensile test of a plasticised caseinate film and the derived mechanical properties (Tab. III): stress and elongation at break, elastic modulus (or Young's modulus) and stress at yield. The incorporation of polyol-type plasticizers (glycerol and sorbitol) in protein-based films causes a decrease in tensile strength and an increase in ultimate elongation. The major difference between protein-(casein or whey protein) based films and synthetic films (LDPE, HDPE and PVC wrap film) concerns elongation at break. The maximum elongation is rather low in plasticised protein-based samples (less than 85%) compared with synthetic films (from 150% for plasticised PVC to 500% for LDPE), which may limit application domains for proteinbased films. Compared with starch-based materials, the most commonly used substitute for synthetic polymers, milk protein-based films exhibit better mechanical properties.
The second drawback of caseinate films deals with their water sensitivity and water vapour permeability. Mixing the protein with oils, waxes or acetylated monoglycerides [23, 24, 78] is an easy route to drastically reduce water sensitivity. Casein can also be hydrophobised by attachment of hydrophobic ligands, generally alkyl groups incorporated by esterification or by using monofunctional aldehydes [9, 22, 78, 87, 102] . Water sensitivity of caseinate films can also be reduced by crosslinking with (i) calcium ions [9, 115] ; (ii) transglutaminase [66, 84, 98] ; (iii) γ -irradiation [16, 96, 115] ; and (iv) formaldehyde or dialdehydes [62, 80] . On the other hand, the resulting three-dimensional casein network gives a rigid material with both a higher Young's modulus and tensile strength and with reduced elongation at break than plasticised casein.
As for other proteic materials, caseinbased films are hydrophilic, making them excellent gas barriers to non-polar substances such as oxygen, carbon dioxide and aromas. As a general trend, barrier properties of polymers depend on polymer structure and its segmental mobility, which influences its mass transport properties. Therefore, two main factors control its per-meability: the degree of binding between two polymer chains, and conversely, the free volume between two chains. Thus, the barrier properties of casein-based films are strongly modified by additives such as plasticisers or by chemical modification.
To overcome the problem of environmental pollution by synthetic polymers and with regard to their specific properties, protein-based biopolymers have gained growing interest in the last decade and represent an emerging field [39] . Caseinbased films and biomaterials obtained from caseinates can find many applications in packaging [72, 73, 78] , in edible films and coatings for fruits and vegetables [12, 22, 78] or in mulching films [39] . Nevertheless, research on the technical alternative uses of protein has been limited so far compared with some other common biopolymers, especially starches. The higher cost of casein compared with common polysaccharides could be compensated for by the best properties and performances of protein-based biomaterials. For non-food applications, casein issued from waste streams should be a convenient way to save costs.
Rigid casein plastics
Rigid plastic based on rennet casein is one of the best-known examples of nonfood application for milk protein [138, 143] . Rennet casein and fillers are mixed with 20-35% water before being mechanically processed by high pressure extrusion into plastic goods, which are cured for a period of several days in a dilute solution of formaldehyde [26, 101, 111] . Any suitable pigment or colouring matter can be added. Casein plastic was first available in France and Germany under the trade name of "Galalith ® " in the early twentieth century but other casein plastics have been patented under the trade names of Erinoid ® (UK), Aladdinite ® (USA), Casolith ® (Netherlands), Lactoloid ® (Japan) and Lactolithe ® (France). The importance of casein plastics has now declined due to severe competition from synthetic plastics with better properties. Although casein plastics are still manufactured today into buttons, buckles and imitation-ivory knife handle, the range of articles is becoming more and more limited compared with the increasing number of articles made of synthetic plastics.
Casein as an additive
Considering their amphipatic nature, caseins are often used as emulsifiers or stabilisers in numerous formulations where casein does not constitute the major constituant.
Paints
Because of its solubility and ability to bind pigments, caseinate has found applications in water-based paints [46, 130, 154] . Caseinate's emulsifying properties make it a good stabiliser and emulsifier in oil and latex paints. Its content in such formulas does not exceed 1 to 2% [53, 123, 124 ].
Concrete and cement
For its adhesive and emulsifying properties, caseinate is used (or claimed so) in concrete formulation in Eastern Europe, as well as cement, asphalt and bitumen [106, 110, 138 ].
Cosmetics
Caseinate is used as surface active agent in soaps [1] and various cosmetics such as cold wave lotions, hair sprays and hand cream [125] . Casein hydrolysates could also be active substances for skin hydration [27] . However, little information is available about these applications and their markets, which seem rather limited.
Other industrial applications
Casein presents good metal-and ionbinding properties, making it suitable for absorbing and recovering chromate in wastes from manufacturing processes such as electroplating [36, 37] and water purification [155] . In rubber products, casein has been used as a reinforcing agent and stabiliser in rubber tyres [42, 54] . Casein and caseinate are also used in several other nonfood applications such as dish-washing liquids [1, 114, 156 ].
Whey proteins
Whey proteins, 15 to 22% of the total milk proteins, are generally separated from whey by a membrane process as whey protein concentrates (WPC) or whey protein isolates (WPI) [40, 50, 164] . WPC have a protein content ranging from 30 to 90% [77] while WPI contains more than 90% protein in the dry matter. The two most abundant proteins in whey are β-lactoglobulin and α-lactalbumin as shown in Table I . Most of the non-food uses of whey proteins deal with specific properties of single proteins used in cosmetology and pharmacology [75] . β-lactoglobulin and α-lactalbumin are used as hydrating and antiwrinkle agents [27] . Lactoferrin can prevent formation of free radicals through its Non-food applications of milk components 425 iron-chelating property [27] . In the 90s, whey proteins were also employed as an antianemic preparation in the form of iron proteinate [33] .
There is an increasing economical and environmental need for finding new applications for whey proteins [117] . The physical and functional properties of whey proteins to be outlined are: solubility, viscosity, cohesion and adhesion, emulsifying properties, water sorption and gel-forming properties [76] . For example, the filmforming ability of whey proteins has been used for the production of protective films and coatings [28, [90] [91] [92] . The mechanical and physical properties of whey proteinbased material are improved by plasticisation [90] [91] [92] (Tab. III) and/or crosslinking [82] . Whey proteins are also used in paper coating to provide good appearance, printability and low water vapour permeability [59] . Because of their natural origin and emulsifying properties, whey proteins are used as substitutes for synthetic surfactants in the formulation of non-aggressive creams and shampoos. Whey protein hydrolysates have also been used in cosmetology (shampoos and hair creams) and pharmacology [58, 63, 75 ].
LACTOSE
Lactose is the characteristic carbohydrate of bovine milk, present at approximately 4.8% (wt/vol) [161] . The major part of lactose produced each year is recovered from whey (Fig. 2) . The pure lactose recovery process generally involves concentration by evaporation, crystallisation, separation, refining, drying and milling.
Because of its physical, chemical and functional properties, lactose, which is a disaccharide of glucose and galactose, is used to produce some derivatives. The milk sugar contains a number of reactive sites (glycosidic linkages, reducing group of glucose, free hydroxyl groups and carboncarbon bonds) that can be chemically or enzymatically modified.
The major uses of lactose include food ingredient, ingredient in infant formulae, filler or coating agent for tablets in the pharmaceutical industry, raw material for lactose derivatives and substrate for fermentation. However, lactose finds somewhat limited application in food products because of its low digestibility and poor solubility (ability to crystallise) [61, 64, 161] . Accordingly, the food industry only uses a small part of the lactose produced each year, making lactose non-food applications of prime interest. Considering the high biological oxygen demand of lactose [88] (BOD about 35-45 mg per litre of whey) the dairy industry needs to discover uses for lactose as well as for whey itself in order to dispose of these co-products in some environmentally acceptable way. Several valuable products from lactose have then been proposed in order to reduce the huge amounts of dairy effluents.
Most of the non-food uses deal with fermentation of whole whey (review in a following section; Fig. 2 ). Other non-food uses of lactose include raw material for lactose derivatives, pharmaceutical and cosmetic formulations [64] . For pharmaceuticals, raw lactose is mostly used as a filler, drug carrier and coating agent to cover tablets. Lactose has also been proposed as an inducer for overexpression of protein in genetically engineered organisms [103] .
Derivatives of lactose by chemical and enzymatic modification
The use of lactose as a raw material in the chemical industry has been reviewed in detail by Zadow [163] and Thelwall [145] . Although the chemistry of lactose has made rapid progress over the past 30 years, the use of lactose as a chemical feedstock is only now being fully considered. lactulose [93] , an isomer of lactose produced by alkali hydroxide catalysis and widely used in pharmaceuticals (laxative) or as a growth promoter for pigs and calves [60, 161] ;
lactitol [60, 122] , issued from reduction of lactose, is used as a raw material for ester emulsifiers manufacture. These excellent surfactants are used in detergents, surface modifiers and emulsifiers. Lactitol also finds application in humectants, plasticisers, lacquer additives and hot melt additive adhesives [145] ; -lactobionic acid [60] , obtained by catalytic oxidation of the free aldehyde group of lactose. It finds applications as a gel-firming agent and in the composition of the preservation solution for organs prior to transplantation;
lactosyl urea obtained by reaction of lactose with urea, described as a potential feedstock for ruminants because of increased palatability and reduced toxicity [163] .
Other lactose derivatives of commercial interest such as galacto-oligosaccharides or hydrolysed lactose syrup are mostly used in the food industry [61, 161] . New lactose derivatives have also been described such as esters, halogenated derivatives, lactosyl halides, lactosides, anhydro derivatives, cyclic acetal derivatives, deoxy derivatives, nitrogen-containing derivatives and unsaturated derivatives. Some other attempts have been made to valorise lactose from whey permeate obtained by ultrafiltration (UF) techniques and corresponding to a deproteinated whey (Fig. 2) . Such an UF whey permeate is used in the formulation of phenol-formaldehyde resins such as plywood adhesives [150] [151] [152] : up to 50% weight substitution of phenol by a whey permeate-based modifier can be reached without significant loss of properties. Whey permeate is also used for the preparation of special polyurethane foams [153] , lactose working as the chain extender in the place of polyols.
Fermented products from lactose/whey
Whey is the main source of lactose ( Fig. 2) and most of the non-food applications proposed for lactose concern direct fermentation of whole whey [64, 71, 97, 163] . Whey is composed of mainly water (about 93%), lactose (4.9 to 5.1%), soluble proteins (0.9 to 1%), ash (0.5 to 0.7%), fat (0.1 to 0.3%) and lactic acid (0 to 0.2%) [76] .
To make 1 kg of cheese, approximately 9 kg of whey is generated [55, 77] and world cheese production generates more than 145 × 10 6 t of liquid whey per year, of which 6 × 10 6 t is lactose. Fermentation can thus be a solution to give added value to cheese whey that could otherwise be disposed of as a waste stream generating high BOD. Fermentation thus also contributes to the reduction in dairy waste streams.
A wide range of products, summarised in Table IV , can be obtained from lactose or whey fermentation [48, 55, 56, 64, 76, 89] . According to Atkinson and Mavituna [8] they are classified into 3 categories: (i) high volume -low value: methane, ethanol, biomass, animal feed, water purification, effluent and waste treatment; (ii) high volume -intermediate value:
amino acids, organic acids, food products, Baker's yeast and biopolymers; (iii) low volume -high value: antibiotics, health care products, enzymes and vitamins.
However, lactose hydrolysis is often a step prior to fermentation (Fig. 2) : microorganisms, unable to ferment lactose, are able to ferment hydrolysed lactose, allowing a wide variety of fermentation products. For most of the processes, lactose hydrolysis involves an increase in the process costs. Hydrolysis of the β-glycosidic bond into glucose and galactose can be performed with either enzymes such as β-D-galactosidase (lactase) or acid catalysis [55, 64, 76, 97] . Hydrolysis processes developed from pilot to industrial scale have been reviewed by Axelson and Zacchi [10] with respect to their economic feasibility. In whole whey fermentations, soluble proteins bring a part of the nitrogen source needed for the development of microorganisms. However, in most processes dealing with whole whey fermentation, it is necessary to have an extra nitrogen source or to hydrolyse whey protein to achieve good growth and productivity.
Methane production by anaerobic digestion
The production of methane or biogas via fermentation of whey is a process composed of three successive steps: lactose (and protein) hydrolysis, fermentation and methanogenesis [141] . This complex process involves several mixed bacterial species. According to Figure 3 , the methanogenic process converts around 90% of hydrolysed organic matter to biogas: CH 4 and CO 2 [5] . Methane production via cheese whey anaerobic fermentation should thus represent an important source of energy as fuel or to generate electricity: theoretically, 1 kg of lactose yields 0.75 m 3 of biogas containing approximately 50% vol/vol methane [64] . For a deproteinated milk whey the theoretical yield is approximately 20.7 m 3 methane/m 3 (equivalent to 18.6 L of fuel oil) [64, 76] . But it is compulsory to overcome some problems specific to anaerobic digestion to reach these theoretical yields: the process may be slow to initiate, a long residence time is required and waste 
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High C/N ratios [55, 64] [133] [38] streams of high BOD [141] are generated during fermentation. In consequence, the effluents generated by anaerobic processes are not suitable for pouring into water streams and post-treatments are required to reduce residual BOD. Several kinds of anaerobic digesters incorporating cell recycling or cell immobilisation have been studied [5, 25, 94, 141, 158] and the development of the anaerobic process will depend on its economic feasibility.
Single cell protein production (SCP)
The use of lactose or whey as a carbon source for the production of yeast biomass is a simple treatment process for increasing the value of food industry co-products [32, 50, 71, 88, 132] . Several plants producing microbial biomass from cheese whey have been reported in France, the USA, Germany and Australia with two major processes known as the Bel Fromageries process and the Vienna process. If complete consumption of lactose is to be achieved it is necessary to add nitrogen and phosphorous [77] . Biomass produced from both batch and continuous processes [19, 21, 88, 95, 99, 129, 139] is mostly used as animal feed supplement but also in production of baker's yeast. These processes are also of prime interest in dairy wastewater treatment: over 80% reduction in wastewater biological oxygen demand (BOD) has been observed [88] with a yield of dried yeast of 50% of the weight of the lactose used [55] .
Alcohol production
Developments in whole whey utilisation also focused on the production of alcohols (mainly ethanol) [13, 51, 81, 89, 108] . High ethanol yields (about 80%) can be reached from adapted Kluyveromyces fragilis strains. Ethanol can then be further used as an energy source (as fuel) or to produce vinegar or acetic acid. Several distilleries produce ethanol from whey in Ireland, the USA and New Zealand where about 50% of cheese whey production is fermented to ethanol [55, 89] . Cheese whey generally contains carbon and nitrogen substrates (vitamins, fatty acids and sterols) required for microorganism growth. Lactose is first hydrolysed by β-galactosidase (from a micro-organism) and the resulting mixture of glucose and galactose is then used as the carbon source by Saccharomyces cerevisiae [11, 21] .
Different processes based on continuous fermentation with cell immobilisation or cell recycling [64, 99, 104, 133, 147, 159] have been explored for production of ethanol. A recent alternative is to use recombinant yeast grown directly on cheese whey, allowing high yield of ethanol [113] . A mixture of acetone, butanol and ethanol (3/6/1:v/v) [71] can be obtained by fermentation of whey [71, 86] , but the commercial Figure 3 . Anaerobic digestion of organic material, from [5] . potential of the technique seems low at the present time. [2] [3] butanediol produced by fermentation of cheese whey has potential use in the chemical industry and as alternative energy source [133] .
Other fermented bioproducts
Organic acids
Acetic, propionic, lactic, lactobionic, citric, gluconic and itaconic acids can be obtained from lactose/whey fermentation [3, 15, 34, 35, 56, 64, 65, 144, 159] . Most of them find applications in speciality chemicals. For example, lactic acid can be used to produce propylene oxide, biodegradable polylactic acid polymers, propylene glycol or acrylic fibres, making the lactic acid market of prime importance (about 27 million kg per year) [83, 85, 159] . Recent interest in biodegradable polymer could lead to enhanced demand for lactic acid. Acetic acid can also be selected as a raw material in the chemical industry for example to produce calcium magnesium acetate (CMA) used in large amounts as road or airport de-icer [159, 160] . Propionic acid is used in the production of feed and food additives, herbicides and chemical intermediates [64] .
Oils
Production of lipids by special yeast under high C/N ratios has been explored as an alternative source of oil for countries with poor domestic vegetable oils production (New Zealand) [38] .
Exopolysaccharides
Extracellular microbial polysaccharides are mostly used as thickeners, emulsifiers and stabilisers in the food industry, but also in the textile industry [64, 76] . Whey permeate is used as a substrate for the production of polysaccharides by fermentation [131] , but lactose needs to be first hydrolysed before being fermented by commercial bacterial strains. For example, xanthan gum is an heteropolysaccharide produced by Xanthomonas campestris [105, 146] . Whey lactose has been widely used for the production of a large range of exopolysaccharides [45, 47, 64, 112] : dextrans (Leuconostoc mesenteroides), phosphomannans (Hansenula sp.), gellans (Pseudomonas elodea), pullulans (Aerobasidium pullulans), and several heteropolysaccharides (Streptococcus thermophilus, S. cremoris, S. lactis, Lactobacilus bulgaricus and L. pastorianus).
Adapted micro-organisms and processes can produce several different vitamins and amino acids from lactose whey fermentation [55, 64] .
Among the most valuable products, exopolysaccharides ($ 11 to 17.6/kg), calcium propionate ($ 4.4/kg), lactic acid ($ 2.2/kg) and potassium acetate ($ 1.06/L) are obtained with good yields and present a potentially large market (Tab. V). Methane may also represent an interesting energy source for direct use on-site. It must be kept in mind that the prices of these products are useful only for comparison between each other and prices could vary in a relatively short time. For example, lactose price dropped from $ 0.6/kg to $ 0.3/kg during the last six months of 2002, depending on whey surplus. For lactic acid, the current worldwide production is estimated to be 40 000 t per year and the price is estimated at about $ 2/kg. Currently, xanthan gum still costs about $ 11-12/kg.
MILK FAT
Milk fat includes mono-, di-and triglycerides, fatty acids, cholesterol, milk fat globule membrane and phospholipids. According to Kaylegian [70] very few nonfood uses of milk fat have been proposed until now. Nevertheless, antimicrobial, antioxidant and anticarcinogenic properties have been attributed to lauric acid and conjugated linoleic acid, both fatty acids recovered from milk fat. With respect to its emollient properties, milk fat is claimed to be used in cosmetics in the manufacture of skin care creams and shampoo [4, 70] . Another example is the conversion of surplus milk fat into more profitable products: (i) fatty acids, diglycerides and monoglycerides obtained by lipase-catalysed glycerolysis of milk fat [18] , and (ii) flavouring agents and detergents. The emulsifying properties of whey can be improved by addition of mono-and diglycerides issued from milk fat hydrolysis. However, in most of the nonfood applications, milk fat is used as a fatty acid reservoir to produce mono-and diglycerides that are mostly used in the manufacture of emulsifiers.
Milk fat has been proposed for the manufacture of edible and packaging films and protective coatings [43, 57] . Films made from milk fat or milk fat fractions exhibit low gas and water vapour permeability and improved hydrophobic properties [149] .
DAIRY EFFLUENTS
Besides whey surplus, non-food uses can also be an alternative approach to give added value to industrial dairy effluents in compliance with environmental regulations. The process water of dairy effluents (excluding cleaning in place steps with chemical cleaning agents) is mainly composed of diluted milk and whey in a ratio depending on the type of product (cheese, powder, milk…) of the plant. At the present time part of these fluids are discarded in sewer systems [89, 161] or directly used without treatment (Fig. 2) : as animal feed [89, 97, 159] . Whey represents a source of protein, lactose and minerals. For example, ruminants can take 30% of their dry matter requirements from liquid whey; as agricultural fertiliser [89, 97, 159, 161] , with two important drawbacks: transport becomes very expensive due to the volume when whey is not concentrated enough and whey leaves saline deposits on soils. Nevertheless, these ways of consumption of dairy effluents should be compromised by future requirements for safety and compliance with environmental regulations.
Within the frame of clean, sober and costeffective processes, the above-mentioned non-food applications should be applied to effluents. A first way is to concentrate effluents by appropriate techniques (membrane process, evaporation…) in order to obtain a solution able to be used in the target application. Fermentation appears to be the best way to give added value to such concentrated fluids through production of valuable compounds such as alcohol or exopolysaccharides. A second route, more restrictive, is to perform a selective recovery of an individual component (such as casein obtained by precipitation) in order to use it in the above-mentioned non-food applications. The cost of effluent treatment combined with the negligeable value of lost compounds is expected to be lower than the added value of non-food applications and the saving on treatment of sewer systems.
CONCLUSION
This review constitutes a survey of current and potential non-food applications of milk components, which provides new routes of commercial interest.
Milk non-food applications mostly deal with the major milk components: proteins, composed of casein and water-soluble proteins, lactose (purified or in whey) and fat. This review particularly focuses on some general applications in regard to the specific properties of each component.
Stickiness and viscosity as well as filmforming ability, explain why caseinate solutions are used in the manufacture of glues, coatings (paper coating and sizing agent), films and biomaterials. Casein is also an additive acting as an emulsifying agent in various products such as paints, concrete and cements or dish-washing liquids. Like caseins, soluble proteins are used in the manufacture of films and coatings and as an additive in several formulations, considering their emulsifying and gelforming properties. Single soluble proteins also find specific applications in cosmetology and pharmacology. Among the nonfood applications of milk proteins (casein and soluble protein), coatings, films and packaging are of great interest in the field of biodegradable and environmentallyfriendly polymers/materials.
Lactose is used as a raw material for the manufacture of derivatives such as lactitol, lactulose or lactobionic acid. Nevertheless, most of the non-food uses deal with the fermentation process of lactose providing a wide range of valuable products such as methane, alcohols, organic acids, baker's yeast, vitamins or exopolysaccharides. Fermentation of (hydrolysed) lactose from whey permeate or whole whey is an alternative way to contribute to the reduction in dairy waste streams.
Concerning milk fat, currently only a few non-food applications have been developed such as milk fat-based emollients or fatty acid production, but the commercial potential seems to be promising. Losses of milk fat are reduced compared with other components because it is the most valuable component in food applications. However, new markets need to be developed, as dairy and food products tend to reduce their fat content.
The non-food valorisations proposed in this paper for milk should also be applied to dairy wastes and co-products in order to reduce waste streams.
